Bamboo fibre has been used as reinforcement in epoxy. The influence of bamboo fibres orientation on the scratch characteristics has been studied by single pass scratching action and evaluated in terms of scratch force and scratch hardness. The composites are prepared for three different fibre orientations, longitudinal, transverse and 10 mm random. Five values of applied load (2 N, 5 N, 10 N, 12 N, 15 N) and two scratching speeds (5.6 mm s -1 ,11.2 mm s -1 ) are considered. The results revealed that the introduction of bamboo fibres tends to increase the scratch force for all composites considered except for longitudinal orientated fibre composite. The scratch hardness shows improvement when bamboo fibre is introduced, except for the longitudinal case. The best result for scratch hardness is exhibited by transversely orientated bamboo fibre reinforced epoxy corresponding to 35 % improvement.
INTRODUCTION
A composite is considered to be a multiphase material that resides in the possibility of combining physical properties of the constituents to obtain new structural or functional properties [1] . The fibres in reinforced composites act as the principle load carrying members while the matrix serves to transmit the load to the fibres and protects it from environment attack and damage due to handling [2] . Natural fibres are increasingly used as an alternative to synthetic fibres as the reinforcement agent in fabrication of polymer composites. This is because natural fibres like bamboo, coir, sugar cane bagasse, coconut, kenaf, hemp are replenishable agricultural resources, economically feasible, biodegradable, and possess attractive physical and mechanical properties [3] [4] [5] [6] . Bamboo fibre is a regenerated cellulose fibre, which is produced from bamboo pulp processed from bamboo culms. Apart from having a high strength-to-weight ratio, bamboo fibre is recognized as one of the most attractive reinforcement in polymer composites because the effect of water absorption on its mechanical properties is comparatively lower than other natural fibres [7] [8] [9] .
Ismail et al. [10] studied the mechanical properties of bamboo fibre filled natural rubber composites and found that the tensile strength, tear strength and elongation at break decrease with increasing bamboo fibre loading, but the opposite is true for hardness and tensile modulus. Thwe and Liao [9] reported on the effect of environmental aging on the mechanical properties of short bamboo fibre reinforced polypropylene composites and short bamboo-glass fibre reinforced polypropylene hybrid composite. Nayak et al. [11] investigated the thermal, dynamic mechanical and rheological properties of bamboo fibre reinforced polypropylene. Wong et al. [12] revealed that reinforcing polyester with bamboo fibres improved the fracture toughness and tensile strength. Wang et al. [13] investigated the impact of moisture content, granular size of bamboo particles on the stability and mechanical properties of bamboo-polyvinylchloride composites. Nevertheless, certain aspects of bamboo reinforced composite properties are still poorly understood such as scratch characteristics.
Scratch characteristic is an equally important parameter in the study of polymeric composites. Polymers are relatively softer than metals, and are more vulnerable to scratch or abrasion by particles such as grits and chips. Scratching of surfaces is a very
complex process as it involves a more dynamic and interfacial property of the material and it becomes even more unpredictable when polymers are involved. The scratch deformation of polymers can be modelled similar to the abrasive wear mechanism. The scratch resistance is commonly referred as the ability of the material to withstand mechanically induced surface damage caused by the indenter [14] . Scratch damage inflicted on polymer surface has important consequences on the appearance and mechanical performance of the material, especially because the presence of scratch leads towards crack propagation and fracture of materials [15] [16] [17] . In the present study, the scratch behaviours of bamboo fibre-reinforced epoxy composite were investigated under different fibre orientations, different speeds and loading conditions. The scratch characteristics were evaluated in terms of scratch hardness and scratch friction [18] .
EXPERIMENTAL DETAILS 2.1Materials
The resin used in this study was unsaturated epoxy resin (E-700 M) supplied by Pan Asel Chemicals Private Ltd., Malaysia. General properties of the resin and hardener used in this study are listed in Table 1 . Bamboo fibres are obtained from a household shop in Sarawak, Malaysia. To ensure the consistency in the fibres used, only fibres from the same bunch were used. The bamboo fibres were extracted from the bundles manually, selecting only fibres from the outer layer of the bamboo stem. Fig. 1 shows a bundle of bamboo fibres and a scanning electron micrograph of bamboo fibre used in this study. The fibre diameter range is determined to be between 300 and 380 μm. Table 1 : General properties of E-700 M epoxy and H-9 hardener [19] . 
Fabrication of scratch test specimens
The scratch test specimens were prepared in the form of blocks with dimension 50 mm x 20 cm x 20 cm by hand lay-up technique using an aluminum open mould with inert dimension. The inner surfaces of the mould were sprayed with silicone release agent. Firstly, the single continuous bamboo fibre was arranged in parallel to each other to form a unidirectional mat. The fibres were stretched to ensure that the fibres were straight with no slacking, thus preventing intersection of fibres within the matrix. Next, the bamboo fibre mat was wetted with a mixture of epoxy resin and hardener (mixing ratio of 2:1), and then laid uniformly in the cavity of the mould. On this, another wetted fibre mat was placed and the process continued where the distance between the layers is estimated to be 200 μm. The composites were prepared for two different fibre orientations, longitudinal and transverse. The orientation for another specimen is fixed in a random direction, composed of 10 mm length fibres. Neat epoxy was also prepared as a control sample. All composites consists of fibre, V f = 30 vol.%, and matrix, V m = 70 vol.%. The prepared composites were cured at room temperature for 48 h. The test surfaces of the specimens were polished using grade 1000 silicon carbide paper followed by a final polishing to near mirror finish using alumina particle paste to ensure that any surface roughness do not mask the scratch marks [21] .
Scratch tests procedure
A linear scratch machine, shown schematically in Fig. 2 , was developed to conduct single pass scratching tests on flat surfaces. It has a solid steel base that ensures high rigidity and stability. The specimen is fixed on a stainless steel movable stage which is driven by a linear stepper motor. This configuration allows the stage to move linearly at very low speed in the range of 0 to 15 mm/s. A conical tungsten carbide indenter with an apex angle of 90° is attached to the indenter holder at the lever arm. Prior to performing the scratch test, the indenter tip was cleaned with acetone and inspected under optical microscope to ensure it is free from any defects and foreign particles that could affect the scratching action. The cantilever is set to an equilibrium state by a balancing weight to ensure no initial normal load is present when the indenter rested on the surface of the specimen. The specimen is then loaded normally by placing dead weights at the top of the indenter in a holder. The selected load range was 2 to 15 N. The stage was moved at fixed scratch speed of 5.6 mm s -1 or 11.2 mm s -1 . The scratch machine is equipped with a load cell and a digital torque meter which allows continuous monitoring and acquisition of the tangential scratch force. A mean of the values along each pass is reported as the scratch force. All single pass scratch tests were conducted at ambient temperature. The resistance of the polymers to scratch deformation was evaluated in terms of scratch hardness using the following equation [6] :
where P is the applied normal load and d is the scratch width. The scratch width was calculated as the average of ten measurements spaced approximately 1 mm apart along the scratch track. Measurements of the scratch width after complete recovery of the material and microscopic studies of the scratch fracture were carried out using a metallurgical microscope. 1, base; 2, specimen; 3, indenter; 4, movable stage; 5, lead screw; 6, motor; 7, balancing weight; 7, load cell; 8, load holder; 9, balancing weight; 10, lever arm; 11, control unit. Fig. 3 and Fig. 4 show the relationship between the scratch force and the normal load for all four specimens at scratch speed of 5.6 mm s -1 and 11.2 mm s -1 respectively. Scratch force can be referred as the resistive force imposed by the material on the motion of the indenter due to breakage of fibres and pulling off mechanism [22] . The main components of scratch force are ploughing and the energy needed to overcome the interfacial friction [21] . From both graphs, it appears that the scratch force have similar trend regardless of the scratch speed. The relationship between the scratch force and applied normal load is nonlinear and this shows that the co- efficient of friction varies for all cases. In terms of magnitude, the scratch force for neat epoxy at higher scratch speed (11.2 mm s -1 ) is lower than that at lower speed (5.6 mm s -1 ). This is due to the effect of reduction in interfacial friction at high speed, in which the ploughing components play a dominant role [21] . Apart from that, higher scratch speed also induces local heat generation which leads to thermal softening in the deformed zone and lesser ploughing action [23] . On the other hand, when epoxy is reinforced with bamboo fibre, the scratch forces at higher speed tend to be larger under the same normal load possibly because more frictional energy is being converted to mechanical energy as the amount of fibres fracture increases [24] . The increasing amount of fibre fractures suggests that the interaction between the fibres and the indenter during scratching was considerably high. On the other hand, the introduction of bamboo fibres tends to increase the scratch force for all composites considered except for longitudinal orientated fibre composite. There is a noticeable increase in the scratch force when the fibres were aligned transversely to the scratching direction which is expected because more energy is required to overcome each fibril along the scratch path. The friction force is reduced for longitudinal orientated fibre composite because the presence of lignin in the bamboo fibre acts as a natural 'lubrication' when the indenter moved along the fibre axially. 
RESULTS AND DISCUSSIONS 3.1 Scratch force

Scratch hardness
Scratch hardness is used to quantify the scratch characteristics of the specimens using scratch width data. Fig. 5 and Fig. 6 show the relationship between the scratch hardness and the normal load for all four specimens at scratch speed of 5.6 mm s -1 and 11.2 mm s -1 respectively. All specimens show a decreasing trend with respect to the applied normal load. The decrease in the scratch resistance at high loads is dictated by the high interfacial friction between the indenter and the material. The interfacial friction directly influences the movement of the indenter tip. A lower interfacial coefficient of friction induces the indenter to move upward. On the contrary, if the interfacial coefficient of friction is high, there will be a tendency for the indenter to move deeper inward due to the combined actions of the normal load and scratch forces. The elevated rubbing temperature also further causes reduced scratch hardness due to thermal softening effects. Besides that, the higher normal load applied causing the indenter to break the fibres and enhance the interfacial friction effect. It is clear that the scratch hardness improved when bamboo fibre is introduced, except for the longitudinal case. The transversely orientated fibre reinforced composite has the highest scratch hardness improvement as much as 35 % at lower normal load. For longitudinal orientated bamboo fibre reinforced epoxy, the indenter acts directly on the bamboo along the scratch path. Since bamboo is a natural biomaterial consisting of soft vascular bundles cellulose fibres with sclerenchyma cells and matrix tissue with leptodermous cells, the indenter is able to penetrate deeper into the composite. For random orientated fibre reinforced epoxy, the fibres are randomly distributed inside the matrix and this cause inconsistent trend. 
Scratch deformation
Microscopic images are used to understand the changes in the deformation mechanism across dif- ferent fibre orientations and experimental variables namely the normal load and scratch speed. Fig. 7 shows the microscopy images of the scratches produced on neat epoxy under five normal loads and two scratching speeds. It is clear that the scratch damage at low load 2 N is less severe with a more uniform formation of ridges along the groove for both scratch speeds. The material response to scratching changes at higher loads, as can be observed from the larger groove width and irregular zigzag pattern. There are some wear debris in which the rate of material removal increases with higher applied load. It shows brittle behaviour at lower loading while transition from brittle to ductile may be expected as higher applied load in which higher shear strain causes the epoxy matrix to deform as the material approaches its glass transition temperature [26] . In addition, thermal softening effect begins to play a dominant role with visible glass-like shards appearing on the groove. Fig. 8 and Fig. 9 show the scratch microscopy for bamboo fibre-reinforced epoxy in longitudinal and transverse orientations respectively. For fibres in longitudinal orientation, the scratch grooves are observed to be uniform with not much change as the load increases. The scratch deformations are also less severe compared to neat epoxy, possibly because the indenter moved axially along the fibre soft vascular cellulose with minimal resistance. When the bamboo fibres are orientated transversely, the scratch deformations are observed to be severe. Such increasing amount of breakage of fibres meant more frictional energy was converted as mechanical energy. Fracture of fibres occurred and it became more violent with increasing applied load. No fibres debonding or detachment from the matrix is observed. The fibres are fractured in a brittle manner in which the strong adhesion between the bamboo fibres and epoxy matrix prevent the pull out mechanism from happening along the scratch path. Fig. 10 shows the scratch microscopy images for specimens with random oriented fibres. There ap- 
CONCLUSIONS
The scratch coefficient of friction varies for all cases under various applied load showing a nonlinear relationship. The introduction of bamboo fibres tends to increase the scratch force for all composites considered except for longitudinal orientated fibre composite. The scratch hardness shows improvement when bamboo fibre is introduced, except for the longitudinal case. The best result for scratch hardness is exhibited by transversely orientated bamboo fibre reinforced epoxy corresponding to 35 % improvement. Inconsistent trend occurs for the case of random orientation. The scratch deformations for longitudinal orientated case are less severe compared to neat epoxy. When the bamboo fibres are orientated transversely, the scratch deformations are observed to be violent.
